There are two toxic pentaCDFs, i.e., 2,3,4,7,8-pentaCDF and 1,2,3,7,8-pentaCDF, and the toxic equivalency factors (TEF), relative toxicities against the most toxic dioxin, i.e., 2,3,7,8-tetrachlorinated dibenzo-p-dioxin (tetraCDD) (TEF = 1), are reported to be 0.5 and 0.05, respectively. Thus, the quantitative analysis of pentaCDFs, especially 2,3,4,7,8-pentaCDF and 1,2,3,7,8-pentaCDF, is important in evaluating of the overall toxicity of exhaust gas from an incinerator.
A tunable nanosecond laser having a narrow spectral line width is currently used as an excitation/ionization source. 11, 12 However, the ionization efficiency is relatively low for pentaCDFs that contain a large number of chlorine atoms. This is thought to be due to the shorter lifetimes of the singlet excited state, compared to the pulse width of the laser, [13] [14] [15] [16] since the lifetimes of PCDD/Fs are substantially reduced by a heavy atom effect. 7 In order to overcome this problem, researchers have proposed a two-color ionization scheme; the first photon is used for the excitation at a resonance (0-0) transition and the second photon with a large energy (deep-ultraviolet photon) is used for the subsequent ionization from the triplet levels after intersystem crossing. 17, 18 Based on this technique, MPI spectra for 2,3,7,8-tetraCDD, 1,2,3,7,8-pentaCDF, and 2,3,4,7,8-pentaCDF were successfully obtained. 18 Unfortunately, a laser emitting in the deep-ultraviolet region (e.g., the fifth harmonic emission of a Nd:YAG laser, 213 nm) excites and ionizes most aromatic hydrocarbons, providing poor spectral selectivity. In addition, the detection limits reported are in the several-ppt (parts-per-trillion, 10 -12 ) levels. Thus, it is difficult to use this technique for the direct on-line monitoring of pentaCDFs in an exhaust gas that contains numerous interfering species, since the concentrations of PCDD/Fs are in the sub-ppq (parts-perquadrillion, 10 -15 ) levels. 6 A picosecond laser has a sufficiently narrow spectral line width and a shorter pulse width than any nanosecond laser. As a result, its use leads to a more efficient ionization of PCDD/Fs. The ionization yield was, however, low for pentaCDFs, when a picosecond laser having a pulse width of 120 ps was utilized. 19 The use of a laser with a shorter pulse width could overcome this limitation. Several investigators have compared the ionization efficiencies of nanosecond and picosecond or femtosecond lasers for compounds with short single-excitedstate lifetimes. [13] [14] [15] [16] 20 It has been reported that a femtosecond laser generally provides a higher ionization efficiency when the laser wavelength is adjusted at the broad (non-structured) absorption band, e.g., at several 1000 cm -1 above the 0-0 transition. On the other hand, the use of a Fourier-transformlimited laser, the pulse width of which is nearly equal to the singlet-excited-state lifetime of the analyte molecule, has been proposed; here the laser wavelength is adjusted at one of the well-resolved resonance lines (e.g., 0-0 transition). In the latter case, it is necessary to use a one-color three-photon or two-color two-photon ionization scheme, since the ionization potential is larger than twice the energy of the photon used for excitation. 21 A femtosecond laser has a distinct advantage, in terms of the efficiency of ionization of PCDD/Fs. In fact, an intense infrared femtosecond laser has been utilized for the analysis of (nonsubstituted) dibenzo-p-dioxin and polychlorinated benzenes/ phenols. 22 When a molecular ion has no absorption band at the laser wavelength, fragmentation can be suppressed. In this case, better sensitivity is achieved with an increase in the laser pulse energy. However, more than three photons are required for resonant excitation and several additional photons are required for ionization in the case of the infrared laser. For this reason, ionization efficiency is rather low and such instruments are not used for trace analysis of PCDD/Fs.
In this study, an ultraviolet femtosecond laser was used for the efficient ionization of PCDD/Fs. The third harmonic emission of a femtosecond Ti:Sapphire laser emitting at ca. 260 nm was employed for efficient one-color two-photon ionization. However, this ionization scheme provides poor spectral selectivity, since most aromatic hydrocarbons are also efficiently ionized at this wavelength. For this reason, we combined this technique (MPI/TOF-MS) with GC, an excellent technique for the separation of multi-component samples with similar properties. We demonstrate herein the advantage of using femtosecond ionization in the trace analysis of PCDD/Fs based on GC/MPI/TOF-MS.
Experimental
Apparatus Figure 1 shows a schematic diagram of the experimental apparatus used in this study. The third harmonic emission of a Ti:Sapphire laser (Thales, Concerto, 262 nm, 200 fs, 1 kHz) is used as the excitation/ionization source. In addition, the second harmonic emission of an optical parametric oscillator (OPO; Spectra Physics, MOPO730, 262 nm, 6 ns, 10 Hz), the wavelength of which is adjusted to the same value as that of the Ti:Sapphire laser, was employed, to compare the ionization efficiency achieved by the two systems. Both lasers, the energies of which were adjusted to be 10 μJ, were focused into a TOF-MS using a fused-silica planoconvex lens with a focal length of 300 mm, yielding power densities of 2.5 × 10 14 and 7.7 × 10 8 W/cm 2 at the beam waist for the femtosecond and nanosecond lasers, respectively. A mixture sample, containing 10 ng each of 2-monochlorinated dibenzofuran (monoCDF),
-tetrachlorinated dibenzofuran (tetraCDF), and 1,2,3,8,9-pentaCDF (Wellington Laboratories Inc.), was diluted with nonane and injected into a GC system (Agilent Technologies, 6890N). Separation is achieved using a GC column (Agilent Technologies, DB-5, i.d. 0.32 mm, 60 m) with helium as a carrier gas. The temperature of the GC oven was elevated from 130 to 280˚C at a programmed rate of 30˚C/min and then held for 8 min. A complete run required 13 min. The temperatures of the injection port and the transfer line were maintained at 300˚C. The eluted sample is directly introduced into a vacuum from the capillary, the top of which was not restricted to allow the sample to flow continuously as an effusive molecular beam. A microchannel plate (Hamamatsu, F4655-10) is used for the detection of the ions induced by multiphoton ionization. The mass spectrum is recorded using a digital oscilloscope (Tektronix Inc., TDS5104) and a mass chromatogram using a boxcar integrator (Stanford Research Systems, SR250) interfaced with a personal computer.
Safety assurance
Dioxins such as PCDD/Fs are known to be extremely toxic, and, as a result, special care should be taken in the experiment. Their toxicities have been reported to be very different, depending on the number and position of the chlorine atoms substituted to the dibenzo-p-dioxin and dibenzofuran structures. As mentioned above, the toxicity of PCDD/Fs has been measured for each compound and is reported as a TEF value. The total toxicity of the sample is expressed as toxic equivalent (TEQ), the sum of the toxicities (TEF × quantity) of all of the PCDD/Fs contained in the sample. A median lethal dose (LD50) of PCDD/Fs with a TEF value of 1.0 is reported to be 0.6 -2.0 μg/kg for a mouse; no value has been reported for humans. No regulation has been reported so far from the Ministry of Health, Labour and Welfare of Japan. For this reason, we set up some in-house laboratory rules for handling PCDD/Fs. It is well known that a tolerable daily intake (TDI) of PCDD/Fs is reported to be 4 pg kg -1 /day by the World Health Organization (WHO). Therefore, we temporarily concluded the maximum amount of PCDD/Fs, that can be used by a researcher in one day, to be the same value, i.e., 4 pg kg -1 /day. For example, a researcher whose body weight is 70 kg can use a sample with a TEQ value of 4 pg kg -1 /day × 70 kg = 280 pg/day. In this study, we measured 1,2,3,7,8-pentaCDF (TEF = 0.05) present as an impurity (4%) in the standard sample of 1484 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 1,2,3,8,9-pentaCDF, as will be described later. For example, a researcher can use 280 pg/0.05 = 5600 pg (or 5.6 ng) of 1,2,3,7,8-pentaCDF, which corresponds to 140 ng of the 1,2,3,8,9-pentaCDF standard per day. The total amount of 1,2,3,8,9-pentaCDF used was 170 ng for three days in this study, which corresponds to 6.8 ng = 170 ng × 4% (or 6800 pg) for 1,2,3,7,8-pentaCDF and to a TEQ of 340 pg (= 6800 pg × 0.05) or TEQ = 113 pg/day (< 280 pg/day) on average. Thus, the amount of PCDD/Fs used in this study is sufficiently small to not affect a researcher's health or the laboratory environment. Needless to say, not all the PCDD/Fs are assimilated into a researcher's body or scattered into the laboratory environment. In fact, the exhaust gas from the vacuum pump was passed through an activated charcoal trap, and the vacuum chamber was cleaned with special care using a pair of disposable gloves, although the amount of toxic PCDD/Fs used in the experiment was extremely small, as mentioned above. Figure 2 shows mass spectra for a sample comprised of a mixture of 2-monoCDF, 2,8-diCDF, 2,3,8-triCDF, 1,2,8,9-tetraCDF, and 1,2,3,8,9-pentaCDF. In this experiment, a nanosecond laser (6 ns) was employed for multiphoton ionization. Mass spectra were obtained at different retention times optimized for the detection of the above five components.
Results and Discussion
As shown in the mass spectra, the signal intensity of the molecular ion decreases dramatically with increasing number of chlorine atoms substituted into dibenzofuran. It should be noted that the peaks observed for 1,2,8,9-tetraCDF and 1,2,3,8,9-pentaCDF are quite small. These results suggest that the singlet-excited-state lifetimes of these compounds are much shorter than the pulse width of the excitation/ionization laser. It is well known that intersystem crossing from the singlet excited state to triplet levels is strongly enhanced by a heavy atom effect, i.e., a spin-orbit interaction. 7 This undesirable effect makes ionization from a singlet excited state difficult using the second photon. It has been reported that 2,3,7,8-tetraCDD cannot be ionized from the triplet levels using a laser emitting at 266 nm. 18 The laser wavelength (262 nm) used in this study is nearly equal to 266 nm. In addition, the ionization potentials of 1,2,8,9-tetraCDF and 1,2,3,8,9-pentaCDF are calculated to be similar to that for 2,3,7,8-tetraCDD. 23, 24 Therefore, ionization of these PCDD/F congeners from the triplet levels was not possible in this study. This explains why PCDD/Fs with short lifetimes are not efficiently ionized using a nanosecond laser. Figure 3 shows mass spectra for a sample containing a mixture of 2-monoCDF, 2,8-diCDF, 2,3,8-triCDF, 1,2,8,9-tetraCDF, and 1,2,3,8,9-pentaCDF, using a femtosecond laser (200 fs) for multiphoton ionization. Unfortunately, the absolute values of the signal intensities obtained in Fig. 3 cannot be compared with those in Fig. 2 , since the signal intensity depends 1485 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 on various parameters such as pulse energy, repetition rate, and the beam position of the laser. It is, however, possible to compare the relative ionization efficiencies for the data shown in Figs. 2 and 3 . It should be noted that the ionization efficiency does not decrease significantly when the femtosecond laser is employed. This is attributed to the shorter pulse width of the femtosecond laser compared to the singlet-excited-state lifetimes of PCDFs containing a larger number of chlorine atoms and to efficient ionization from the singlet excited state before relaxation to the triplet levels. [13] [14] [15] [16] It is interesting to note that the signal intensity of 1,2,8,9-tetraCDF is larger than that of 2,3,8-triCDF although the spin-orbit interaction increases with the number of substituted chlorine atoms. It is difficult to explain this unexpected result, but a possible explanation may be a larger absorption cross section and more rapid intersystem crossing for 1,2,8,9-tetraCDF. In other words, the signal increase by the large cross section is canceled by rapid intersystem crossing in nanosecond ionization. On the other hand, the signal decrease by intersystem crossing is negligible in femtosecond ionization, and, then, the signal intensity increases with an increase in the cross section.
In the above experiment, a sample containing 10 ng of each compound was employed. Thus, the number of molecules in the sample is not identical; i.e., a smaller number of molecules are present for compounds with larger molecular weights. Table 1 shows the ionization efficiencies of PCDFs, in which the ionization yield was calculated by dividing the observed signal intensity by the number of molecules in the sample. It should be noted that the ratio of the ionization efficiency for 1,2,3,8,9-pentaCDF is increased ca. 8-fold when the nanosecond laser is replaced with the femtosecond one. The toxicity of a sample from an incinerator is determined not only by pentaCDFs but also by other PCDD/Fs containing larger numbers of chlorine atoms. For example, one third of the toxicity is determined by hexachlorinated dibenzo-p-dioxins/ dibenzofurans (hexaCDD/Fs), 6 and, as a result, a femtosecond laser would provide a larger signal enhancement in the measurement of compounds such as this, which have shorter lifetimes.
In order to evaluate the sensitivity of the analytical instrument, we determined the detection limit by measuring the mass chromatogram. It is known that two pentaCDFs, i.e. ,  2,3,4,7,8-pentaCDF and 1,2,3,7,8 -pentaCDF, are toxic and their TEF values are reported to be 0.5 and 0.05, respectively. In this study, we investigated the detection limit not only for 1,2,3,8,9-pentaCDF but also for 1,2,3,7,8-pentaCDF, since the latter is present as an impurity (4%) in 1,2,3,8,9-pentaCDF standard, as reported by the manufacturer. Figures 4(a) and (b) show expanded views of the mass chromatograms, in which the region of the retention time was adjusted to measure 1,2,3,7,8-pentaCDF and 1,2,3,8,9-pentaCDF, respectively. The amounts of these compounds injected into GC were 0.40 and 9.6 ng, and the signal to noise ratio (S/N) was 9.7 and 220, respectively. Therefore, the detection limits, at which S/N = 3, are calculated to be 120 and 130 pg, respectively, suggesting that the detection limit of pentaCDFs is independent of the position of the chlorine atoms and is in the order of ca. 100 pg. The detection limit of pentaCDFs measured by high-resolution GC/highresolution MS (HRGC/HRMS) currently used as the Japanese industrial standard method for analysis of PCDD/Fs is in the order of sub 0.1 pg. Thus, the detection limit obtained in this study is not necessarily sufficient, in comparison with HRGC/HRMS. Further improvement in the sensitivity can be achieved by optimizing the experimental conditions; for example, the ionization signal can be increased by expanding the ionization volume and reducing the fragmentation induced by collisions of the molecular ion with helium atoms used as a carrier gas. In fact, a sub-picogram detection limit is obtained elsewhere using a fast digitizer which allows direct signal accumulation of the mass spectrum at a repetition rate of 1 kHz. It should be noted that 1,2,3,7,8-pentaCDF can be separated from other pentaCDFs on the chromatogram using a DB-5 column. 25, 26 The concentration of this compound is highly correlated with the TEQ value of the sample (correlation It has been reported that 2,3,4,7,8-pentaCDF is present in the exhaust gas from an incinerator. In fact, this compound accounts for one-third of the TEQ value and provides an excellent relationship between the concentration and the TEQ value (correlation coefficient, 0.99). 27 Unfortunately, some pentaCDF isomers cannot be resolved even using the highresolution DB-5 GC column. For example, three pentaCDFs, i. e., 1,2,4,8,9-pentaCDF, 1,2,6,7,9-pentaCDF, and 1,2,3,6 ,9-pentaCDF, are superimposed on 2,3,4,7,8-pentaCDF on the chromatogram. 25, 26 This makes it difficult to determine 2,3,4,7,8-pentaCDF selectively using GC/MS. In the present study, a wavelength-fixed femtosecond laser (262 nm) was utilized for multiphoton ionization, providing no or little spectral selectivity for pentaCDF isomers. However, it is possible to resonantly excite and ionize 2,3,4,7,8-pentaCDF selectively in the vicinity of the 0-0 transition, in which the analyte molecules are being expanded from the restrictor into a vacuum to form a supersonic jet (SSJ) for spectral line narrowing. Although the spectral line width of a femtosecond laser is rather broad (ca. 1 nm), the calculated wavelengths for the 0-0 transitions of PCDFs are spread from 311 to 327 nm. 24 Thus, room is available for the selective ionization of 2,3,4,7,8-pentaCDF superimposed on the other pentaCDFs on the chromatogram. As mentioned above, three photons are required for ionization through the singlet excited state in the vicinity of the 0-0 transition, in which a high ionization yield is obtained using a femtosecond laser operating at high peak power. A tunable femtosecond laser is available in the spectral region of interest. The wavelength of the ultraviolet femtosecond laser can be changed with a high efficiency by stimulated Raman scattering using molecular hydrogen. 28 For example, a femtosecond laser emitting at 316 nm (0-0 transition for 2,3,4,7,8-pentaCDF) 18 can be obtained as the first Stokes emission generated using the third harmonic emission (279 nm) of a Ti:Sapphire laser emitting at 837 nm. A combination of the spectral selectivity given by SSJ/MPI/TOF-MS and the separation selectivity of GC may have the potential for the isomer-specific determination of toxic pentaCDFs at the ultratrace levels.
Conclusions
The advantage of ultraviolet femtosecond ionization in the determination of PCDD/Fs, especially pentaCDFs having short singlet-excited-state lifetimes, is demonstrated. The detection limits of pentaCDFs were ca. 100 pg, independent of the position of the substituted chlorine atoms. A toxic isomer of 1,2,3,7,8-pentaCDF, isolated from other pentaCDFs on the chromatogram, which has a high correlation coefficient against the TEQ value, can be measured using the present technique. Further improvements in sensitivity would be possible by modification of the analytical instrument and optimization of the experimental conditions. Thus, GC/MPI/TOF-MS based on ultraviolet femtosecond laser ionization promises to become a powerful tool for use in environmental analysis in the future.
